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ABSTRACT
HD 166191 has been identified by several studies as hosting a rare and extremely bright warm
debris disc with an additional outer cool disc component. However, an alternative interpre-
tation is that the star hosts a disc that is currently in transition between a full gas disc and
a largely gas-free debris disc. With the help of new optical to mid-IR spectra and Herschel
imaging, we argue that the latter interpretation is supported in several ways: i) we show that
HD 166191 is co-moving with the ∼4 Myr-old Herbig Ae star HD 163296, suggesting that
the two have the same age, ii) the disc spectrum of HD 166191 is well matched by a stan-
dard radiative transfer model of a gaseous protoplanetary disc with an inner hole, and iii) the
HD 166191 mid-IR silicate feature is more consistent with similarly primordial objects. We
note some potential issues with the debris disc interpretation that should be considered for
such extreme objects, whose lifetime at the current brightness is much shorter than the stellar
age, or in the case of the outer component requires a mass comparable to the solid component
of the Solar nebula. These aspects individually and collectively argue that HD 166191 is a
4-5 Myr old star that hosts a gaseous transition disc. Though it does not argue in favour of
either scenario, we find strong evidence for 3-5 µm disc variability. We place HD 166191 in
context with discs at different evolutionary stages, showing that it is a potentially important
object for understanding the protoplanetary to debris disc transition.
Key words: protoplanetary discs — circumstellar matter — planets and satellites: formation
— stars: individual: HD 166191 — stars: individual: HD 163296
1 INTRODUCTION
As nurseries in which planets form, protoplanetary discs are all-
important in setting the boundary conditions for planet forma-
tion. One of their most important characteristics is the disc life-
time because once the gaseous component has dispersed, giant
planet formation is halted. Therefore, the lifetime of protoplane-
tary discs and how they disperse has been the focus of many studies
⋆ Email: gkennedy@ast.cam.ac.uk
(e.g. Zuckerman et al. 1995; Clarke et al. 2001; Haisch et al. 2001;
Mamajek et al. 2004; Adams et al. 2004; Chen et al. 2012) and sets
hard constraints for models of giant planet formation.
The nature of the transition from a gaseous protoplanetary
disc to a relatively gas-free debris disc is poorly understood, par-
ticularly the impact on the formation and evolution of planets
and planetesimals. Observations at a range of infrared (IR) wave-
lengths are therefore vital to build up possible evolutionary se-
quences. Near/mid-IR observations probe dispersal and the creation
of inner holes in gas-rich “transition” discs (Skrutskie et al. 1990;
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Muzerolle et al. 2010; Espaillat et al. 2012), and are also sensitive
to warm dust created during the later stages of terrestrial planet
formation (e.g. Melis et al. 2010; Jackson & Wyatt 2012). Far-IR
observations are most sensitive to changes in the outer regions of
protoplanetary discs as dust grains settle and grow, and to the same
∼100AU scales at which debris discs are typically observed around
main-sequence stars.
For some evolved objects it is not clear whether the stars
are still dispersing their gas and are in the “transition” phase,
or if the disc is sufficiently gas-free that it can be considered a
true debris disc. Perhaps the best example is the extremely bright
disc around HD 98800B (Ldisc/L⋆ ≈ 2%, Zuckerman & Becklin
1993), which has been treated as either by different authors and
illustrates that classification is not straightforward (Furlan et al.
2007; Wyatt et al. 2007). The recent discovery of H2 emission, a
signature of gas accretion, seems to favour the transition disc inter-
pretation (Yang et al. 2012). Of course, there will be a continuum
of objects between relatively gas-rich and gas-free discs, and no
disc could ever be considered truly devoid of gas, but in order to
create a useful evolutionary sequence it is important to interpret in-
dividual objects carefully. Doing so will, for example, ensure that
unlikely scenarios are not invoked where simpler ones will suffice,
and that observational sequences of objects are as close to reality
as possible.
Here, we study an object that we suggest lies at the late
end of the transition to a gas-free debris disc. HD 166191 has
been known to have an IR excess above the expected photospheric
level since it was observed with IRAS and MSX (Oudmaijer et al.
1992; Clarke et al. 2005). The possibility of confusion of the
IRAS emission with another nearby source, which is visible to
the South-West in higher resolution images, meant that the ex-
cess was only detected unambiguously from 8-20 µm. More re-
cently, this system was suggested to have a mid-IR excess with
both WISE (Kennedy & Wyatt 2013) and AKARI (Fujiwara et al.
2013), which was confirmed with high resolution mid-IR imaging
(Schneider et al. 2013). While these studies went in search of warm
terrestrial-zone debris discs, only Schneider et al. (2013) used the
Multi-band Imaging Photometer for Spitzer (MIPS, Werner et al.
2004; Rieke et al. 2004) to show that the far-IR emission is proba-
bly associated with the star, and therefore that the disc emission is
significant over a wide range of wavelengths.
We previously argued that this star hosts a gas-rich disc based
on the breadth of the disc spectrum and its brightness relative to the
star (Kennedy & Wyatt 2013), but the other studies (Fujiwara et al.
2013; Schneider et al. 2013) have interpreted it as hosting a de-
bris disc with two components (i.e. analogous to the Asteroid and
Edgeworth-Kuiper belts seen in our Solar System). Here we use
several lines of evidence to argue that HD 166191 does indeed host
a gaseous protoplanetary disc. After discussing the observations
in §2, we show in §3 that HD 166191 has a common space mo-
tion with the ∼4 Myr-old Herbig Ae star HD 163296 suggesting
that HD 166191 has a similar age. In §4 we highlight some po-
tential issues with the debris disc interpretation and show that the
HD 166191 disc emission is well modelled by a relatively normal
transition disc, as might be expected for such a young star. Finally,
we compare the HD 166191 disc to others, taking a close look at
the 10 µm silicate feature and the overall disc spectrum, and discuss
the implications of our work in §5.
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Figure 1. Photometry (dots) and the 6170K PHOENIX AMES-Cond pho-
tosphere model (blue curve) for HD 166191.
2 OBSERVATIONS
HD 166191 is an 8.4th magnitude star that lies 119pc from the Sun
(van Leeuwen 2007) in the direction of the Galactic center. The
Michigan spectral type is F4V, though using new data we suggest
below that the star is actually closer to a late-F or early G-type, sim-
ilar to the F8 spectral type found by Schneider et al. (2013). The
star was detected by both Hipparcos and 2MASS, which we com-
bine withBVRI photometry from Moffett & Barnes (1984) to fit a
stellar photosphere model. We fitted PHOENIX AMES-Cond mod-
els (Brott & Hauschildt 2005) using least-squares minimisation,
finding an effective temperature of 6170 ± 50K. A wealth of pho-
tometry exists for HD 166191, and is tabulated by Schneider et al.
(2013) and shown in Figure 1, including new Herschel observations
described below. We do not use the WISE 4.6µm (W2) measure-
ment, as this is known to be overestimated for bright sources.1
2.1 New observations
To ensure that the far-IR excess was not confused in the MIPS
70 µm observations and to constrain the disc size we obtained 70
and 160 µm observations with PACS instrument (Poglitsch et al.
2010) on the Herschel Space Observatory (Pilbratt et al. 2010) in
March 2013. In addition, we obtained ground-based optical, near,
and mid-IR spectra with the goal of better characterising the star
and the near/mid-IR excess.
2.1.1 SSO 2.3m WiFeS
We observed HD 166191 with the Wide Field Spectrograph
(WiFeS, Dopita et al. 2007) on the ANU 2.3m telescope at Sid-
ing Spring Observatory. Flux calibrations are performed accord-
ing to Bessell (1999) using spectrophotometric standard stars from
Hamuy et al. (1992) and Bessell (1999). A full description of the
instrument configurations and data reduction procedure can be
found in Penev et al. (2013). We use the λ/∆λ = R = 3000 blue
1 http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec6 3c.html
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Figure 2. IRTF SpeX and BASS spectra, and a 6170K model atmosphere
convolved to approximately the same resolution. Filled blue dots show
observed photometry and open circles show synthetic photometry of the
spectra for comparison, where possible (MSX 12µm, and IRAC 3.5 and
4.5 µm). The SPeX spectra is normalised to 2MASS J. Regions of large tel-
luric absorption where the spectrum may be adversely effected are blocked
out in grey. A small IR excess may be visible beyond about 2.1 µm in the
SPeX spectrum, and clearly visible in the BASS spectrum. The difference
between the IRAC 3.5 and 4.5 µm photometry and the equivalent spec-
trophotometry from BASS are significantly different, and indicate probable
variability in the excess spectrum.
arm spectrum to estimate the stellar effective temperature by com-
parison with model atmospheres. The method compares the spec-
trum with synthetic spectral models, with extra weight given to re-
gions that are sensitive to surface gravity, and is described in detail
by Bayliss et al. (2013). Assuming Solar metallicity we obtain an
effective temperature of 5965 ± 100K, in reasonable agreement
with the value drived from broadband photometry above. The grav-
ity is found to be log g = 3.4 ± 0.25, suggesting that HD 166191
has not yet reached the main-sequence (see §3).
In the WiFeS R = 7000 red arm spectrum Li I absorption at
6708A˚ (an indicator of youth in Solar type stars, see §3) is detected
with an equivalent width of 150± 20mA˚. From these observations
we also obtained a radial velocity of −10.1 ± 1km s−1, in agree-
ment with −8.1 ± 1.3km s−1 reported by Schneider et al. (2013).
Hydrogen α and β, and Sodium doublet absorption is seen, so any
gas accretion, which would result in emission (e.g. Muzerolle et al.
2001), is below a detectable level (.10−10 to 10−11M⊙yr−1, e.g.
Muzerolle et al. 2003; Sicilia-Aguilar et al. 2006).
2.1.2 IRTF/SPeX
To further characterise the near-IR part of the excess, near-infrared
spectral measurements from 0.8 to 2.5 µm were obtained using
the SpeX instrument on the 3 m NASA Infrared Telescope Fa-
cility (IRTF) located on Mauna Kea, Hawaii. It was operated in
single prism mode (R=250). Frames were taken so that the ob-
ject was alternated between two different positions (usually noted
as the ‘A’ and ‘B’ positions) on a 0.8 × 15 arcsec slit aligned
North-South. Two A0V stars were observed for telluric corrections,
HD 168707 and HD 170364. Argon lamps were used for wave-
length calibration. 24 images were taken with 1 second exposures
and 10 coadds and 16 images were taken with 0.5 second expo-
sures and 10 coadds. The airmass ranged from 1.41 to 1.47 during
the observations.
The spectrum is shown in Figure 2, along with a 6170K
model atmosphere (i.e. the same stellar model used in Figure 1).
At 2MASS Ks and beyond the possible onset of the IR excess is
seen. An excess at these wavelengths is expected given that an ex-
cess is confidently detected beyond 3 µm.
By comparing the spectrum with the Rayner et al. (2009)
spectral atlas the spectral type appears to be late-F or early G-type.
The Paschen δ, γ, and β, and Brackett γ lines are clearly visible
in the spectrum, and the atlas shows that these are present in F9V
stars but less clear by G2V. Based on these lines and the effective
temperatures derived above, we assign HD 166191 a G0V spectral
type, with an uncertainty of one-two subtypes.
2.1.3 AEOS/BASS
Observations were obtained using the Aerospace Corporation’s
Broadband Array Spectrograph System (BASS, Hackwell et al.
1990) instrument on the 3.67 m Advanced Electro Optical Sys-
tem (AEOS) telescope on Haleakala, Hawaii. This instrument uses
a cold beam splitter to separate the light into two separate wave-
length regimes. The short-wavelength beam includes light from 2.9
to 6 µm, while the long-wavelength beam covers 6-13.5 µm. Each
beam is dispersed onto a 58 element blocked impurity band lin-
ear array, thus allowing for simultaneous coverage of the spectrum
from 2.9-13.5 µm. The spectral resolution is wavelength depen-
dent, ranging from about R = 30 to 125 over each of the two
wavelength regions. The simultaneous coverage of the entire 3-
13 µm region that BASS provides has played a critical role in the
investigations of the clearing of the inner discs (Calvet et al. 2002;
Bergin et al. 2004; Sitko et al. 2008).
The BASS data were calibrated using α Lyrae and β Peg and
cleaned of residual telluric (CO2 and H2O) contamination, but that
of O3 at 9.7 µm was left in. The spectrum is shown in Figure 2 and
shows a clear silicate feature around 10 µm and is in good agree-
ment with the T-ReCS photometry presented in Schneider et al.
(2013). In addition, the absolute calibration of BASS spectra is
known to be better than about 5% (Russell et al. 2012), meaning
that we can test for differences between the BASS spectrum and the
older IRAC data (2006) at 3.5 to 4.5 µm (also shown in Figure 2).
The BASS/IRAC flux ratios in these bands are 1.32 and 1.38, with
significances of 3.1 and 4.5σ, indicative of significant variability in
the excess spectrum. Schneider et al. (2013) note the possibility of
variability based on the difference between IRAC and WISE pho-
tometry at 4.6µm, but WISE is known to overestimate fluxes for
bright sources in this band (see first footnote).
2.1.4 Herschel
Following identification of this object in Kennedy & Wyatt (2013),
we obtained a Director’s time observation of HD 166191 using the
PACS instrument onboard Herschel (ObsIDs: 1342267772/3). We
used a slightly non-standard mini-scan map, designed to be wide
enough to cover both HD 166191 and the nearby source that con-
taminates the IRAS photometry. The flux density of both objects
was measured by fitting a model beam (an observation of γ Dra)
at each location. We found fluxes of 1.7 ± 0.1Jy and 0.75 ± 0.1Jy
at 70 and 160 µm for HD 166191, consistent with the Spitzer pho-
tometry at 70 µm presented by Schneider et al. (2013). This ob-
servation further confirms that HD 166191 has a significant far-IR
c© 0000 RAS, MNRAS 000, 000–000
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excess (see Figure 1) and because the emission is point-like (with
beam size∼5′′) an approximate upper limit on the source diameter
is ∼5′′, or about 600AU.
2.2 Summary of observations
Based on previous data and the new observations described above
we assign the star a spectral type of G0V. An IR excess is clearly
visible beyond 3 µm, with a clear 10 µm silicate feature. A sig-
nificant discrepancy between the IRAC and BASS observations at
3-5 µm suggests that the disc emission is variable, which is not un-
usual for transition discs (Bary et al. 2009; Muzerolle et al. 2009;
Espaillat et al. 2011). The very large disc luminosity (Ldisc/L⋆ ≈
10%), the fact that the excess spectrum extends over a wide
range of wavelengths (Fig 1), and the probable variability sug-
gests at first glance that the emission is probably from a young
(.10 Myr old) star that hosts a gas-rich protoplanetary disc. How-
ever, it is also known that some debris disc brightnesses vary (e.g.
Meng et al. 2012; Melis et al. 2012; Kennedy & Wyatt 2013), and
an alternative interpretation could be that HD 166191 hosts an
unusually bright debris disc with both warm and cool compo-
nents (Fujiwara et al. 2013; Schneider et al. 2013), in essence an
extreme analogue of the two-component debris disc around η Corvi
(Wyatt et al. 2005; Smith et al. 2009). The most promising way to
discern between these possibilities and to find a self-consistent ex-
planation is to determine the age of HD 166191.
3 THE AGE OF HD 166191
There are several techniques available to infer the ages of young
stars (e.g. Zuckerman & Song 2004; Soderblom 2010). In this sec-
tion we attempt to refine the age of HD 166191 using the empirical
methods of lithium depletion and X-ray activity, combined with
kinematic considerations and (model-dependent) isochrone place-
ment.
Because it is efficiently destroyed in stellar interiors, pho-
tospheric lithium abundance can serve as a mass-dependent
clock over pre-main sequence ages (Zuckerman & Song 2004;
Murphy et al. 2013). Our Li I λ6708 equivalent width, 150 ±
20 mA˚, agrees with the high-resolution value reported by
Schneider et al. (2013) (120 ± 5 mA˚). At the spectral type of
HD 166191 this value is consistent with an age less than the
Pleiades (.100 Myr; Zuckerman & Song 2004). The poor age
constraint of lithium depletion in Solar-type stars is due to their
radiative cores effectively separating the convective outer layers
from the hotter interiors, preventing lithium depleted material from
reaching the photosphere.
X-ray emission is another common diagnostic of stellar youth,
a manifestation of the strong magnetic fields and fast rotation
rates observed in young stars (e.g. Feigelson & Montmerle 1999).
HD 166191 was not detected in the ROSAT All-Sky X-ray Survey
(RASS). The RASS 0.1–2.4 eV limiting flux (2× 10−13 erg cm−2
s−1; Schmitt et al. 1995) at 119 pc implies an X-ray to bolometric
luminosity ratio of log(LX/Lbol) . −4.8. Schneider et al. (2013)
report a detection in the XMM-Newton Serendipitous Source Cat-
alog (Watson et al. 2009), which yields a 0.2–12 eV luminosity
of 2.4 × 1029 erg s−1 and log(LX/Lbol) ≈ −4.9. Ignoring
the subtleties of comparing results from different X-ray observa-
tories and energy bands, we compare these values to the results of
Preibisch & Feigelson (2005), who examined the mass-dependence
of X-ray emission in young stars in Orion as a function of age.
Their distributions shows that while HD 166191 is one of the X-
ray faintest 1-2M⊙ stars at 1-10 Myr ages, the X-ray luminosity
also varies by about 2 orders of magnitude at a given age. Compar-
ison with the X-ray luminosity distribution in Owen et al. (2011)
leads to the same conclusion. Therefore, though it is indeed X-ray
faint as noted by Schneider et al. (2013), we do not consider this
faintness to provide a significantly stronger age constraint than the
lithium absorption.
Kinematics are commonly used to assign young stars to mov-
ing groups or associations of known age. From Hipparcos as-
trometry (van Leeuwen 2007) and the 2.3-m/WiFeS radial veloc-
ity we calculate a heliocentric space motion for HD 166191 of
(U,V,W ) = (−7.6±1.0,−22.4±3.0,−7.6±1.2) km s−1. This
agrees with the velocity presented by Schneider et al. (2013) from
Tycho-2 proper motions. Figure 3 shows the position and veloc-
ity of HD 166191 compared other nearby young stars. While the
star’s space motion is consistent with members of several young
stellar associations, including the Scorpius-Centaurus OB asso-
ciation (Sco-Cen), its relatively large distance (119+19−14 pc) and
low Galactic latitude yields a heliocentric position, (X,Y, Z) =
(+118±18,+15±2,−4±1) pc, distinct from other young groups
in the solar neighbourhood.
Like Schneider et al. (2013), we searched for Hipparcos en-
tries around HD 166191 with similar proper motions and par-
allaxes and found a match with the well-studied ‘isolated’ Her-
big Ae star HD 163296 (119+12−10 pc). Schneider et al. (2013) used
the XHIP (Anderson & Francis 2012) radial velocity (−4.0 ±
3.3 km s−1) for HD 163296 from Merrill (1930) via Gontcharov
(2006). This is the mean velocity of a single line (Mg II λ4481)
from seven Mt. Wilson plates (σRV = 9.4 km s−1). More re-
cently, Buscombe & Kennedy (1965) and Alecian et al. (2013) re-
ported larger velocities of−11 km s−1 and−9±6 km s−1, respec-
tively. Using the latter value and Hipparcos astrometry we calculate
a space motion of (U,V,W ) = (−6.0±6.0,−22.3±2.1,−7.4±
0.8) km s−1, in excellent agreement with HD 166191.
A colour-magnitude diagram (CMD) of both stars is plotted
in Fig. 4. If HD 166191 and HD 163296 are co-eval then they
should lie along the same theoretical isochrone in such a dia-
gram. Compared to PARSEC (Bressan et al. 2012) and Siess et al.
(2000) isochrones, HD 163296 has an age of 4–5 Myr, consistent
with previous isochronal age estimates from a variety of model
grids (Tetzlaff et al. 2011; Tilling et al. 2012; Alecian et al. 2013).
HD 166191 falls slightly older, with an age of 5–10 Myr. This
age agrees with the (conservative) 5+25−3 Myr CMD age reported
by Schneider et al. (2013) using the PARSEC models and 2MASS
Ks magnitudes. We adopted the J-band photometry to minimise
the effects of disc emission observed in both stars at wavelengths
greater than 2 µm (see §2.1.2). The derived masses of HD 166191
are 1.7 and 1.6M⊙ from the PARSEC and Siess et al. (2000)
isochrones respectively. Neither star shows signs of unresolved bi-
narity (Tilling et al. 2012; Schneider et al. 2013). Given their prox-
imity (7.5 pc in space), identical distances, congruent space mo-
tions and very similar ages, it is likely HD 166191 and HD 163296
form a co-eval, co-moving pair of ∼4-5 Myr-old stars. HD 163296
was proposed as an outlying member of the 10–20 Myr-old Sco-
Cen subgroup Upper Cen-Lup by Sitko et al. (2008). This mem-
bership is unlikely considering its young age and heliocentric po-
sition and velocity (Fig. 3). Instead, we speculate that HD 166191
and HD 163296 may represent the first members of a yet-to-be-
discovered kinematic association or new Sco-Cen subgroup.
Having now established the likely youth of HD 166191 us-
ing a CMD and by association with HD 163296, it seems that a
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Figure 3. Heliocentric velocity (top) and position (bottom) of HD 166191 (black dot, with errors), compared to members of nearby associations and moving
groups from Torres et al. (2008): Tuc-Hor (orange circles), AB Dor (green squares), Argus (red open squares), β Pic (cyan stars), Carina (yellow crosses),
Columba (blue open circles), ǫ Cha (red triangles), Octans (blue open stars) and TW Hya (green filled triangles). Positions (shaded ellipses; Mamajek et al.
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The Tycho-2 V -band magnitude for HD 166191 was transformed to the
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less extreme interpretation for the large IR excess may be that of a
gaseous transition disc, in contrast to the debris disc interpretation
of Schneider et al. (2013).
4 DISC MODELLING
4.1 A two-belt debris disc?
The interpretation favoured by Schneider et al. (2013) is that
HD 166191 hosts a warm terrestrial zone debris disc, the result of
collisions between planetesimals or planets during the late stages
of planet formation. However, the total fractional luminosity f =
Ldisc/L⋆ of the excess spectrum is about 10%, meaning that the
dust in a putative debris disc must capture at least this much of
the starlight. If the dust has a non-negligible albedo or is optically
thick along the line of sight the fraction of starlight captured must
be higher. As we show below, because such extreme IR excesses
may require optically thick dust, significantly more than 10% of
the starlight may need to be captured. An additional complication
in the case of HD 166191 is that Schneider et al. (2013) infer a
cool outer component based on the breadth of the emission spec-
trum, with a fractional luminosity similar to the inner component.
While such a two-belt structure is of course possible (e.g. the Solar
System has two belts), the extreme brightness of the HD 166191
disc means that the inner belt must capture ∼6% of the starlight,
yet be sufficiently optically thin or misaligned that the outer belt is
still able to capture ∼4%. These constraints set lower limits on the
c© 0000 RAS, MNRAS 000, 000–000
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vertical extent of the inner and outer belts, which can be compared
with observations of edge-on belts around other stars.
To make a simple model of the above picture we assume that
i) the two belts are coplanar, ii) have uniform density, iii) the dust
in the belts has negligible albedo, iv) the belts are optically thin
from the viewing direction, and v) reemission from either belt does
not heat the star or the other belt. We use parameters fi,o and θi,o
for the fractional luminosity and opening angle of the inner (i) and
outer (o) belts respectively.
The radial optical depth of inner belt, τi, is related to the open-
ing angle by
fi = τi sin(θi/2) (1)
That is, the fraction of starlight captured by the inner belt, and
hence the fractional luminosity, is the radial optical depth multi-
plied by the fraction of the sky that it covers as seen by the star.
When it is optically thick, increasing the radial optical depth does
not increase the belt brightness (i.e. in equation 1, τi 6 1), so the
opening angle of the inner belt must be at least 7◦. The radial opti-
cal depth is correspondingly lower if the opening angle is larger,
with a lower a limit of 0.06 if the belt is a spherical shell (i.e.
θi = 180
◦).
The outer belt is always shadowed by the inner belt to some
degree. If the opening angle of the outer belt is less than that of the
inner belt, all light illuminating the outer belt must pass through
the inner belt, with the light attenuated by a factor 1 − τi (with a
minimum value of zero). If the inner belt is fatter than the outer belt,
then only a fraction of the light heating the outer belt is intercepted
by the inner belt, and the outer belt thickness is independent of the
inner belt thickness (for fixed fi). In these two regimes, the radial
optical depth of the outer belt, τo (also 61), is related to its opening
angle and the inner belt properties by
fo =
{
τo(1− τi) sin(θo/2) θo < θi
τo (sin(θ0/2) − fi) θo > θi (2)
These relations are shown by the solid lines in Figure 5, which
uses the parameter space of θo vs. θi. Dashed lines show constant
inner belt optical depth, where the minimum inner belt opening
angle is set by τi = 1. The solid lines show equation (2) for three
different inner belt optical depths. There are two different regimes
for each line; if θo < θi the outer belt is fully shadowed by the
inner and there is a tradeoff between the opening angles of each,
the thinner the inner belt the more it shadows the outer belt due to
increased optical depth, and the thicker the outer belt must be. This
regime is shown by the curved part of the solid lines. If θo > θi
the outer belt is thicker than the inner and changes in the inner belt
thickness do not change the outer belt brightness. That is, a thicker
inner belt occults the outer belt more, but is less optically thick for
the same fractional luminosity. The τo = 1 line tends towards, but
never reaches 2 sin−1 fo ≈ 5◦ for large θi, which would be the
minimum opening angle in the absence of the inner belt.
Therefore, if both belts are to be relatively thin the minimum
opening angles allowed by this simple analysis are about 7◦ for the
inner component, and ∼12◦ for the outer belt (i.e. the left end of
the lowest solid line). This minimum assumes that both components
are radially optically thick, and that no light is lost to scattering, the
latter being a reasonable approximation given that typical albedoes
for small bodies in the Solar System and in other debris discs are
∼10% (e.g. Kalas et al. 2005; Mueller et al. 2008; Ferna´ndez et al.
2009; Krist et al. 2010). The other two solid lines show that even
for larger opening angles the belts must have relatively large radial
optical depths, purely due to the high fractional luminosity.
There are few debris discs where the opening angles can be
measured, though a wealth of information is available for the So-
lar System. The inclinations of Asteroid belt objects vary widely,
with most objects below 10◦ (an opening angle of 20◦), and simi-
lar values for Kuiper belt objects. Similarly, the full-width at half-
maximum brightness opening angle of the β Pictoris disc is ∼10◦
at about 130AU (Golimowski et al. 2006), and the AU Microscopii
disc is even thinner at∼5◦ (Krist et al. 2005). Therefore, the open-
ing angles inferred for the inner and outer HD 166191 disc compo-
nents are comparable with observed discs. However, this similarity
requires that both components are radially optically thick and op-
tically thin in the viewing direction, or the opening angles must be
larger. For a typically inclined viewing geometry (∼60◦) such a
configuration is unlikely, so unless the disc components are much
more radially extended than they are vertically, and the system is
viewed face-on, the opening angles are probably larger then our es-
timated minimum. The star is not seen to be reddened, and given the
large optical depths seen in Figure 5 the star is very probably seen
directly and not obscured by the disc. In summary, this comparison
is suggestive that the two-belt debris model requires relatively large
optical depths for reasonable opening angles, but does not strongly
argue against such an interpretation.
Now considering the plausibility of the debris disc interpre-
tation in terms of a collisional model, the central issue is the life-
time of such extreme levels given the ∼5 Myr age of HD 166191.
As noted by Schneider et al. (2013), the dust lifetime due to col-
lisions at about 1AU is only a few years so they must be replen-
ished; a late-stage planetary embryo impact or ongoing collisions
in a massive Asteroid-belt analogue are the possible sources. While
either the inner or outer disc component could be the result of
a collision analogous to the Earth-Moon forming event, the ex-
tremely bright period that follows such a collision is probably short
lived. The length of this period is uncertain due to the possibility
of non-axisymmetry and an inability to remove dust at high op-
tical depth, but given the rapid evolution shown in Figure 14 of
Jackson & Wyatt (2012), less than 100-1000 years seems a rea-
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sonable estimate. If the outer belt is several times more distant the
emission will decay more slowly, by roughly a few orders of mag-
nitude. Therefore, for a 5 Myr old star it may be unlikely to observe
short lived bright dust emission. However, this star was of course
picked from a large sample of stars due to its extremely bright
excess and several giant collisions are expected during terrestrial
planet building (e.g. Chambers & Wetherill 1998; Raymond et al.
2004; Kenyon & Bromley 2006)
The alternative scenario suggested by Schneider et al. (2013)
is dust resulting from ongoing collisions in a massive Asteroid belt.
The issue here is the same as above; such extreme brightness re-
quires a significant mass in large objects to generate a large sur-
face area of dust, but this mass (and hence space density) also re-
quires that the collisions between the large objects are very fre-
quent. Indeed, Wyatt et al. (2007) showed using a simple collision
model that the maximum fractional luminosity for young stars is
∼0.1% (see their Figure 3). Alternatively, using equation 21 of
Wyatt et al. (2007), to maintain a fractional luminosity above 6%,
the maximum time the inner belt has been evolving for is of order
1,000 years, with a few orders of magnitude uncertainty (see also
Heng & Tremaine 2010).
Another consideration for the massive Asteroid-belt analogue
scenario is the disc mass. Schneider et al. (2013) estimate the mass
in dust present in the inner belt to be roughly 1020 to 1023g. How-
ever, because the debris disc interpretation explicitly implies that
this mass is replenished by destruction of larger objects, the dust
mass is a negligible fraction of the total mass for typical debris
disc size distributions (e.g. Dohnanyi 1969; O’Brien & Greenberg
2003). Using equation 15 from Wyatt (2008) we can calculate the
total mass present in a size distribution from 1 µm sized grains
up to 100km objects using a standard differential size distribution
slope of -3.5. Converting the 760K and 175K temperatures of the
belts (Schneider et al. 2013) to radii of 0.3AU and 6AU, and using
the fractional luminosities of 0.06 and 0.04 yields total masses of
1.7 and 400M⊕ for the inner and outer belts respectively. For ref-
erence, the minimum mass contained in the Solar nebula was a few
hundred Earth masses (e.g. Weidenschilling 1977) so the inferred
mass for the outer belt is very large, if relatively large planetesi-
mals are assumed. For our assumed dn(a) ∝ a−3.5da particle size
distribution, the total mass scales as the square root of the maxi-
mum size, so for much smaller 10m planetesimals, the mass is also
much smaller at 4M⊕. However, the collisional lifetime calculated
above is also a function of planetesimal size (∝
√
D) and assumed
D = 2000km, so the outer belt lifetime for such small planetesi-
mals would be of order 1000 years. Therefore, there is a trade-off
between planetesimal size and disc lifetime, meaning that either the
disc is relatively massive, or its lifetime at the curent brightness is
very short.
In summary, we cannot rule out the debris disc interpretation
of Schneider et al. (2013). We have shown i) that dust replenished
by collisions either requires near optically thick belts or relatively
large disc opening angles and ii) that the outer belt is relatively
massive if it is the result of ongoing collisions or has a very short
lifetime. HD 166191 was selected as potentially interesting from a
parent population of ≈24,000 Hipparcos stars (Kennedy & Wyatt
2013) and is therefore a rare object within this sample, meaning
that arguments against the debris disc interpretation that rely on
HD 166191 being observed at a special time may not be robust. As
we have noted however, there is another possible interpretation; a
protoplanetary disc made up of both gas and dust, as is seen around
many stars that have similar ages to HD 166191.
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Figure 6. Protoplanetary transition disc model for HD 166191. Red dots
show photometry and grey squares the BASS spectrum. The black solid
line shows the best fitting model as described in the text.
4.2 A transition disc?
To test whether HD 166191 can be modelled as a protoplane-
tary disc we modelled the observed spectral energy distribution
(SED) using the Monte Carlo Radiative transfer code MCFOST
(Pinte et al. 2006, 2009). Here, we used a parametric disc extend-
ing from an inner radius Rin to an outer radius Rout. With this ap-
proach, the model is of a dust disc that is implicitly well mixed with
the gas that makes up most of the total mass in the disc. The dust
density distribution has a Gaussian vertical profile, and the dust
surface density profile and the scale height are defined as power-
law distributions with ρ(r, z) = ρ0(r) exp(−z2/2h2(r)),Σ(r) =
Σ0(r/r0)
−p and h(r) = h0(r/r0)β , respectively, where r is the
radial coordinate in the equatorial plane and h0 is the scale height
at a fiducial radius r0 = 100 AU. The dust grains are assumed to be
homogeneous and spherical amorphous silicates with a differential
grain size distribution of the form dn(a) ∝ a−3.5da, between a
minimum grain size amin and a maximum grain size amax. The
dust extinction and scattering opacities, scattering phase functions,
and Mueller matrices are calculated using Mie theory.
In order to fit the SED data, we first searched for a satisfac-
tory solution by hand, which was used as the starting point for an
automated best fit search with a Genetic Algorithm. In the absence
of strong constraints from direct imaging (the Herschel observa-
tions require Rout . 300 AU), we have set the external radius
Rout = 25 AU. This value is not well constrained by the SED
modelling, in particular because of the lack of photometric data
longer than 160 µm. The parameters of the best fitting solution are
presented in Table 1 and the resulting SED is presented in Figure 6.
The fit to the data is sufficiently good to show that the HD 166191
spectrum can be interpreted as a protoplanetary disc.
A prominent feature of the SED is the 10 µm silicate emis-
sion, though we did not thoroughly explore the mineralogical com-
position of the disc. However, to better match the general profile
of the 10 µm feature we added a fraction of crystalline silicates
(Li & Draine 2001) to the dust mixture. The crystalline silicates
have a size distribution ranging from 0.03 to 5 µm. The amorphous
silicates (of olivine stoichiometry, Dorschner et al. 1995) have a
size distribution ranging form 0.03 to 9 µm. This value for the max-
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Table 1. Parameters of the best-fit model
Parameter explored best
range value
Stellar parameters
Teff (K) fixed 6000
Rstar (R⊙) fixed 2.13
AV fixed 0.0
Distance (pc) fixed 119
Disc parameters
Mdust (M⊙) 10−7 – 10−4 5× 10−6
Rout (AU) fixed 25
Rin (AU) 0.1 – 5.0 0.95
β 1.0 – 1.3 1.12
p -2.0 – -0.1 -0.8
h0 (AU, r=100AU) 1.0 – 15.0 3.8
inclin. (deg.) 0.0 – 90.0 < 60
amin (µm) fixed 0.03
amax−amorph (µm) 0.5 – 1000.0 9.0
Amorph. to Cryst. ratio 1.0 – 0.7 0.82
imum size of the amorphous silicates is poorly constrained because
of the lack of data longer than 160 µm. Both species are distributed
similarly in the disc. The Genetic Algorithm found the best model
for a composition made of 18% of crystalline silicates, similar to
the fraction of warm crystalline silicates found by Olofsson et al.
(2010) in a study of 58 T Tauri stars with IRS spectra.
The resulting model requires the scale height to be about 4
AU at r = 100 AU (or h/r = 0.04). This is smaller than the “stan-
dard” protoplanetary disc models that usually have h/r ∼ 0.1,
indicating that the dust has settled towards the midplane (e.g.
Manoj et al. 2011; Sicilia-Aguilar et al. 2011). The derived inner
radius of 0.95 AU suggests that the disc has an inner hole, which
along with the lack of detectable accretion (§2.1.1) is consistent
with a several Myr old object that has started the transition from
a full protoplanetary disc to a debris disc. The inner hole size is
smaller than most transition discs, but a wide range of sizes is seen
(e.g. Espaillat et al. 2012; Andrews et al. 2011) so a ∼1 AU hole
is not particularly remarkable. The far-IR disc emission level is the
main indicator of settling, which can be significantly brighter in
other transition discs (see fig 8 below), suggesting that the progres-
sion towards the debris disc phase is more advanced for HD 166191
(e.g. Sicilia-Aguilar et al. 2011).
5 DISCUSSION
Perhaps the biggest clue to the status of HD 166191 is the com-
mon space motion with the well known Herbig Ae star HD 163296.
As outlined in §3, this association suggests that HD 166191 has a
similar ∼4-5 Myr age to HD 163296, and these stars may repre-
sent the first few members of a yet-to-be discovered association
or Scorpius-Centaurus subgroup that comprises many more lower-
mass stars.
The implication for HD 166191 itself is that the star probably
hosts a protoplanetary disc rather than an exceptionally bright de-
bris disc. The young age does not of course require that the disc is
primordial, but places HD 166191 in the<10 Myr age range where
Sun-like stars are seen to host such discs (e.g. Cieza et al. 2007;
Carpenter et al. 2009; Williams & Cieza 2011). While we cannot
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Figure 7. Comparison of the mid-IR emissivity of HD 166191 with other
protoplanetary (HD 100546 and HD 163296), and debris (HD 113766A)
discs, and comet Hale Bopp. The emissivity is calculated by dividing the
spectrum by a blackbody at the approximate temperature of the continuum
emission (e.g. Lisse et al. 2008).
rule out the extreme debris disc interpretation, we have noted po-
tential issues (§4.1), and suggest that the disc is actually gas-rich.
Our protoplanetary disc interpretation is corroborated by the fact
that the disc spectrum is consistent with a fairly standard model for
a protoplanetary disc (see §4.2). The spectrum shows evidence for
clearing in the innermost regions, as expected given typical evo-
lutionary sequences, and grain settling in the outer regions, both
signatures of discs whose evolution is well advanced beyond their
initial state, as would be expected for a ∼5 Myr old star.
Further clues to the nature of the disc lie in the BASS spec-
trum, which is compared to other discs and comet Hale Bopp’s
coma in Figure 7. Here we have divided each spectrum by a black-
body at the appropriate temperature to produce “emissivity” spec-
tra, which far better show spectral features common to objects
emitting at different temperatures.2 Of particular note here is the
similarity between the HD 166191 and HD 163296 peaks around
10 µm. Compared to HD 113766A, another candidate for ongoing
terrestrial planet formation, the HD 166191 silicate peak is broader
and is not double peaked.
Such differences in the shape of the silicate feature are diag-
nostic of the grain sizes and composition, which can subsequently
be related to their evolutionary state. One approach is to derive
compositions for objects of a range of age via modelling, and then
comparing the results in terms of an evolutionary sequence. For
example, Lisse et al. (2008) showed that their derived values for
the olivine to pyroxene ratio change with age. Lisse et al. (2012)
show the olivine to pyroxene ratio and total olivine fraction de-
rived from modelling for 19 objects in their Figure 7. Older objects
have greater olivine fractions, both in absolute terms and relative to
pyroxene, with HD 163296 appearing as one of the least evolved
objects and HD 113766A appearing as a moderately evolved ob-
ject. Therefore, because the spectrum of HD 166191 appears very
similar in shape to HD 163296, and different to HD 113766A, the
2 Using the temperatures of 250 & 135K (HD 100546, Lisse et al. 2007),
300K (HD 163296), 700K (HD 166191), 200K (Hale Bopp, Lisse et al.
2007), and 440K (HD 113766A, Lisse et al. 2008).
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Figure 8. Comparison of HD 166191 with other protoplanetary (RY Tau,
GM Aur) and debris (HD 113766A, HD 181327) discs. Data compiled
from: RY Tau, GM Aur (Robitaille et al. 2007), HD 113766A (Lisse et al.
2008; Olofsson et al. 2013), and HD 181327 (Lebreton et al. 2012), using
Spitzer InfraRed Spectrograph (IRS, Houck et al. 2004) spectra from the
CASSIS database (Lebouteiller et al. 2011).
evolutionary state of the HD 166191 dust appears more primordial.
This conclusion would of course be strengthened by detailed mod-
eling of a 5-35 µm spectrum, as was done for the other systems in
Fig 7, which allows for verification of the 8-13 µm silicate identi-
fications using the secondary 16 - 33 µm silicate features. We thus
look forward to obtaining a detailed spectrum of the HD166191
system in the 13 - 30 µm range, e.g. with JWST.
The overall disc spectrum should also be put in context with
entire disc spectra at other stages to better picture HD 166191 as
part of a possible evolutionary sequence. Figure 8 compares the
overall 0.5 - 160 µm HD 166191 SED with some examples of other
protoplanetary and debris discs around (approximately) Sun-like
stars, all scaled to a similar photospheric level at 2µm, with the ex-
ception of RY Tau for which the photosphere is not visible at this
wavelength. We have not attempted to correct the shorter wave-
length photometry for reddening as we are here concerned with the
longer wavelengths. These represent something of an evolution-
ary sequence; (i) the youngest discs, represented here by RY Tau
(Schegerer et al. 2008), have a relatively flat spectral slope across
near/mid-IR wavelengths, but at the onset of disc dispersal (ii) an
inner hole develops and the spectrum has a flux deficit in the mid-IR
and little change in the far-IR and sub-millimetre flux (e.g. GM Aur,
Calvet et al. 2005), the final debris disc phase (iii) begins when
the gas disc is dispersed, and generally the disc has a spectrum
that is typically very similar to a pure blackbody (e.g. HD 181327,
Lebreton et al. 2012), but in some rare cases shows significant lev-
els of warm emission, which is commonly interpreted as a sign of
terrestrial planet formation (e.g. HD 113766A, Lisse et al. 2008;
Olofsson et al. 2013). Both protoplanetary and debris discs show
solid-state 10 µm silicate features, so their presence or otherwise
does not indicate the evolutionary state in this broad comparison
(though as discussed above their shape is important).
Within the context of this simple evolutionary sequence,
HD 166191 shows characteristics that might individually be at-
tributed to either a transitional or a debris disc. The disc shows
evidence for an inner hole with little near-IR dust emission, though
the hole is probably not as large or well cleared as for GM Aur
given the larger mid-IR excess. In an inside-out evolution picture
such as photoevaporation (e.g. Clarke et al. 2001), the HD 166191
disc might be considered less evolved than GM Aur in the inner re-
gions. However, as we note below it may be that the inner emission
is being enhanced by dust produced during terrestrial planet forma-
tion, which could happen before and/or after an inner hole devel-
ops. A significant difference with GM Aur is a lower level of far-IR
and sub-millimetre excess, suggesting that the HD 166191 disc is
significantly less flared as a result of a lower disc mass and/or dust
grains settling to the disc midplane.
Indeed, comparison of the HD 166191 far-IR emission with
HD 181327, a young (∼10 Myr) bright debris disc, shows that
the two have similar levels of excess, and that both are lower than
“typical” protoplanetary discs such as RY Tau and GM Aur. This
comparable level of far-IR flux suggests that in addition to being
less flared, that the HD 166191 disc could be well advanced in the
transition to a debris disc in the outer regions. Similarly evolved
discs have been observed around lower mass stars (e.g. in Corona
Australis, Sicilia-Aguilar et al. 2013), suggesting that such a spec-
trum is not particularly unusual. For example, in the F24/F100
vs. F24 diagram of Sicilia-Aguilar et al. (2013) (their Figure 11),
HD 166191 would lie among the “Depleted discs”, indicating sig-
nificant evolution and lower scale heights. How far advanced the
transition to the debris disc phase is will require a gas detection or
stringent limits.
Finally, comparing HD 166191 with HD 113766A, a bright
warm debris disc, the 0.5 - 160 µm spectrum continua look
very similar; HD 113766A plausibly looks like a somewhat more
evolved and fainter version of HD 166191. Given that HD 166191
can be modelled as a transition disc, such a comparison suggests
that the interpretation of HD 113766A, which has thus far been
classed as a debris disc, (e.g. Lisse et al. 2008; Smith et al. 2012;
Olofsson et al. 2013), deserves further consideration. For example,
it may be that the two-component structure inferred from the com-
bination of mid-IR interferometry (Smith et al. 2012) and far-IR
photometry (Olofsson et al. 2013) is actually indicative of an inner
disc that is significantly extended, as might be expected for a proto-
planetary disc. However, Chen et al. (2006) set stringent limits on
gas levels in the inner regions of the HD 113766A disc using the
IRS spectrum, and the dust emission may therefore not be primor-
dial without gas to protect it from radiation forces. In addition, we
have already argued that HD 113766A appears more evolved based
on the mid-IR silicate feature (Figure 7). This possibility leads us
to a third interpretation for the HD 166191 disc (that also applies
to HD 113766A) that we have not yet considered; a combination
of scenarios where the outer disc is still gaseous with significantly
settled dust, while the inner regions are in the late stages of, or have
already made, the transition to the debris phase. In this case the ex-
cess might be again thought of as comprising two components; an
inner warm component due at least in part to ongoing terrestrial
planet formation (but perhaps also the remnants of the protoplan-
etary disc), and a well settled outer component with residual gas.
Remnant gas may help maintain dust levels produced by collisions,
reducing the timescale problems that arise in the debris disc sce-
nario, where dust is removed easily by radiation forces.
Following such a phase, it may be that large cool discs such as
HD 181327 emerge as the inner regions collide and decay, and are
then observed around older stars as “typical” (i.e. longer lived) de-
bris discs at radii of tens to hundreds of AU. There are several pos-
sible scenarios for this sequence however. For example, HD 166191
could already host a debris disc that lies inside the protoplanetary
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disc and is currently undetectable, but will emerge as the proto-
planetary disc continues to disperse. Alternatively, it may be that
the birth of a debris disc requires stirring of planetesimals to suf-
ficient velocities through formation of large protoplanets, so the
HD 166191 spectrum may in the future drop to much fainter levels,
but then become brighter again once the debris phase begins (e.g.
Kenyon & Bromley 2004; Currie et al. 2008)
The single most important difference between the scenarios
we have discussed, and the fundamental difference between our
transition disc interpretation and the debris disc interpretation of
Schneider et al. (2013), is the presence or absence of gas. While
the BASS spectrum is more similar to protoplanetary discs and ar-
gues that the silicate emission is relatively primordial, this signa-
ture comes from dust. A disc that is still in transition to the debris
disc phase will have some remaining gas, while a true debris disc
will have negligible gas. There is currently no evidence for gas in
the HD 166191 disc, either from gas accretion onto the star nor di-
rectly from the disc (e.g. from near-IR CO emission in the SPeX
spectrum). Indeed, one apparent reason Schneider et al. (2013) re-
ject the ∼5 Myr age suggested by the CMD in favour of an older
10-100 Myr age is based on the lack of Hα emission. However,
many young stars with protoplanetary discs are not seen to accrete
gas, particularly transition discs (e.g. Sicilia-Aguilar et al. 2010)
and accretion is not necessarily expected during this phase either
(e.g. Alexander et al. 2006). Detection, or a strongly constraining
non-detection, of gas around HD 166191 is therefore an obvious
way in which the disc may be further characterised.
6 SUMMARY
HD 166191 has been known to host an infrared excess for several
decades, but the origin of this excess was unclear. New surveys
by the AKARI and WISE telescopes have led to renewed interest,
and suggestions that the excess is due to a rare bright debris disc
(Fujiwara et al. 2013; Schneider et al. 2013) or an evolved proto-
planetary disc Kennedy & Wyatt (2013).
Though we cannot rule out the debris disc interpretation, we
argue that the excess is most simply interpreted as a relatively nor-
mal protoplanetary transition disc. This conclusion is supported
by our findings that i) HD 166191 is very likely associated and
co-eval with the previously isolated ∼4 Myr old Herbig Ae star
HD 163296, ii) the disc spectrum can be modelled by a protoplan-
etary transition disc, and iii) the mid-IR silicate feature is a good
match to other young objects, such as HD 163296. This finding
may represent the first hint of a new nearby young stellar associa-
tion or subgroup of Scorpius-Centaurus.
By comparing HD 166191 with other known protoplanetary
and debris discs, we argue that the HD 166191 disc is more evolved
than most transition discs, and suggest some possible scenarios for
the late stages of the protoplanetary to debris disc transition.
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